Abstract: N-Heterocyclic carbene (NHC) copper complexes serve as an excellent catalytic system for carboxylation of alkyl-, aryl-, and alkenylboron compounds and some aromatic heterocyclic C−H bonds with carbon dioxide (CO 2 ), to afford various functional-groupcontaining carboxylic acids or their ester derivatives. Some key reaction intermediates have been isolated and structurally characterized, thus providing important insight into the mechanistic details of these catalytic reactions.
INTRODUCTION
Carbon dioxide (CO 2 ) is an abundant, low-cost, nontoxic, and potentially renewable C 1 source for access to value-added molecules [1] . In particular, the direct carboxylation of carbon nucleophiles with CO 2 is a straightforward method for the synthesis of carboxylic acids [2] , which are important structural units in many biologically active compounds and in synthetically useful fine chemicals [3] . However, because of the thermodynamic stability and kinetic inertness of CO 2 , strong nucleophilic partners such as organolithium or Grignard reagents are usually required for carboxylation with CO 2 . Unfortunately, the strongly nucleophilic organometallic reagents are generally not tolerated by certain functional groups, thus limiting their application scope. Less nucleophilic organoboron compounds are compatible with a variety of functional groups and are easily available, but they do not react with CO 2 under normal reaction conditions. Previously, some organoboronic esters were reported to undergo carboxylation with CO 2 in the presence of Rh catalysts, but many reactive functional groups could not survive the reaction conditions [4, 5] . We recently found that N-heterocyclic carbene (NHC)-copper complexes can serve as excellent catalysts for carboxylation of alkyl-, aryl-, and alkenylboron compounds as well as some aromatic heterocyclic C−H bonds with CO 2 , showing excellent tolerance to a wide range of functional groups. Moreover, some key reaction intermediates have also been isolated and structurally characterized, thus offering unprecedented insight into the mechanistic aspects of these catalytic processes. This article is an overview on our recent studies in this area [6] .
CATALYTIC CARBOXYLATION OF ARYL-AND ALKENYLBORONIC ESTERS
In the presence of [(IPr)CuCl)] [IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene] and a base KOtBu, a wide range of aryl-and alkenylboronic esters could be catalytically carboxylated with CO 2 *Pure Appl. Chem. 84, 1673-1784 (2012) . A collection of invited papers based on presentations at the 16 th International Symposium on Organometallic Chemistry Directed Towards Organic Synthesis (OMCOS-16), Shanghai, China, 24-28 July 2011. ‡ Corresponding author: E-mail: houz@riken.jp to afford the corresponding carboxylic acids after acidification (Table 1) [7, 8] . The reaction was not affected by either electron-donating (e.g., OMe) or -withdrawing (e.g., NO 2 and CF 3 ) groups, and a variety of reactive functional groups such as vinyl, propargyl ether, epoxy, carbonyls, and halogens (F, Cl, Br, I) survived the reaction conditions [7] . Regarding the mechanistic aspects of this catalytic reaction, we have confirmed that the alkoxide species [(IPr)Cu(OtBu)], formed by the metathesis reaction between [(IPr)CuCl] and KOtBu, is an active catalytic species, which on reaction with an organoboronic ester can afford the corresponding organocopper complex [(IPr)CuR] (1) (Scheme 1) [7] . The subsequent nucleophilic addition of [(IPr)CuR] to CO 2 yields the carboxylate [(IPr)Cu(OCOR)] (2), which on metathesis with KOtBu regenerates [(IPr)Cu(OtBu)] and releases the potassium salt RCOOK. The latter then gives the carboxylic acid RCOOH after hydrolysis. An aryl copper complex (1, R = C 6 H 4 OMe-p) and its carboxylation product 2 (R = C 6 H 4 OMe-p) were isolated and structurally characterized, and both were confirmed to show high catalytic activity.
CATALYTIC CARBOXYLATION OF ALKYLBORANES
In general, the catalytic carboxylation of alkylboranes with CO 2 is much more difficult than that of aryland alkenylboron compounds, because a transition-metal alkyl species, which is a key active species, could easily decompose through β-H elimination. We found that the NHC-copper chloride complex [(IPr)CuCl] in combination with MeOLi could serve as an excellent catalyst for the carboxylation of various alkylboranes with CO 2 to give the corresponding carboxylic acids in high yields [9, 10] . The reaction could be carried out easily in one-pot by hydroboration of terminal alkenes with 9-borabicyclo[3.3.1]nonane (9-BBN-H) followed by carboxylation of the resulting alkylboranes with CO 2 in the presence of the copper catalyst (Table 2) [9] . As in the case of aryl-and alkenylboron compounds described above [7] , various reactive functional groups such as propargyl, carbonyls, halides (I, Br, Cl, F), and vinyl bromide, as well as synthetically useful protecting groups such as silyl ethers, N-tertbutoxycarbonyl, benzyl ether, and isopropylidene, are compatible with the reaction conditions. Styrene can also be hydrocarboxylated in one-pot to give selectively the β-carboxylated product. More remarkably, a novel copper-methoxide/alkylborane adduct complex (3, R = (CH 2 ) 3 C 6 H 4 OMe-p) was isolated from the reaction of [(IPr)Cu(OMe)] with the corresponding alkylborane (Scheme 2) [9] . Its subsequent reaction with CO 2 yielded the carboxylation product 4 (R = (CH 2 ) 3 C 6 H 4 OMe-p). Both complexes were structurally characterized by X-ray diffraction studies and were confirmed to show high catalytic activity. It is also noteworthy that complex 3 represents the first example, which unambiguously shows bonding interaction between a metal alkoxide and an alkyl boron compound. Such interaction has been thought critically important in many transition-metal-catalyzed cross-coupling reactions using organoboron compounds [11] .
CATALYTIC CARBOXYLATION OF C-H BONDS
The reaction of C−H bonds with CO 2 would be the most attractive and atom-economical route for the synthesis of carboxylic acids. However, the direct carboxylation of a C−H bond with CO 2 remains a very challenging research subject. Previously, NHC-gold(I) complexes were reported to catalyze the carboxylation of acidic aromatic C−H bonds with CO 2 [12] . However, a recent report showed that the insertion of CO 2 into the Au-C bond proposed in the previous study could not be reproduced and the density functional theory (DFT) studies suggested that this process is rather difficult [13] . Very recently, rhodium-phosphine complexes were reported to catalyze the carboxylation of pyridyl-substituted arenes in the presence of an excess amount of aluminum alkyl compounds [14] . We found that the NHC-copper catalyst system used in our studies on the carboxylation of organoboron compounds [7, 9] could serve as an efficient catalyst also for the direct carboxylation of aromatic heterocyclic C-H bonds with CO 2 [15, 16] .
As shown in Table 3 , various aromatic heterocycles could be carboxylated with CO 2 in the presence of a catalytic amount of [(IPr)CuCl] and a base KOtBu to give the corresponding esters after esterification with C 6 H 13 I [15] . Both electron-donating (e.g., OMe) and electron-withdrawing (e.g., CF 3 and CN) functional groups, as well as chloride, bromide, and nitro groups, were compatible with the reaction conditions. However, aromatic heterocycles with higher pK a values such as benzothiazole (27.3), N-methylbenzoimidazole (32.5), and benzofuran (33.2) are not suitable substrates. In the reaction of [(IPr)Cu(OtBu)] with 1 equiv of benzoxazole, the C-H bond activation product benzoxazolylcopper complex 5 was isolated in 93 % yield (Scheme 3) [15] . On exposure of 5 to 1 atm of CO 2 in tetrahydrofuran (THF) at room temperature, the structurally characterized carboxylate complex 6 was obtained in 93 % yield. When 6 was kept under vacuum overnight or under a nitrogen atmosphere for 1 week at room temperature, decarboxylation took place to regenerate 5 almost quantitatively. However, the reaction of the carboxylate complex 6 with an equivalent of KOtBu in THF afforded quantitatively the potassium carboxylate salt and the copper alkoxide [(IPr)Cu(OtBu)].
On the basis of the experimental studies on some key reaction intermediates, a possible mechanism for the copper-catalyzed carboxylation of heterocycles with CO 2 was proposed as shown in Scheme 4 [15] . The initial metathesis reaction between [(IPr)CuCl] and KOtBu affords the copper alkoxide complex [(IPr)Cu(OtBu)], which subsequently reacts with a heterocycle compound to give the organocopper species 7 through activation (deprotonation) of the heterocyclic C−H bond. Insertion of CO 2 into the Cu−C bond in 7 furnishes the carboxylate 8, which could reversibly release CO 2 to regenerate 7. The reaction of 8 with KOtBu would regenerate the copper alkoxide [(IPr)Cu(OtBu)] and release the potassium carboxylate, which after reaction with an alkyl iodide could afford the ester product.
CONCLUSION
We have demonstrated that the NHC-copper complexes can serve as excellent catalysts for the carboxylation of a wide range of substrates with CO 2 to afford various functionalized carboxylic acids and their derivatives under mild conditions. A unique combination of the steric hindrance and electrondonating power of the NHC ligand has enabled the isolation and structural characterization of a series of key reaction intermediates, which thus provides important insights into the mechanistic details of the catalytic processes. We hope that further tuning the ancillary ligands or the ligand/metal combinations, as well as optimizing the reaction conditions, would lead to the discovery of more efficient, selective protocols for the utilization of CO 2 .
